In patients with ST-segment elevation myocardial infarction (STEMI), the use of percutaneous coronary intervention (PCI) to restore blood flow in an infarct-related coronary artery improves outcomes. The use of PCI in non-infarct-related coronary arteries remains controversial.
METHODS
We randomly assigned 885 patients with STEMI and multivessel disease who had undergone primary PCI of an infarct-related coronary artery in a 1:2 ratio to undergo complete revascularization of non-infarct-related coronary arteries guided by fractional flow reserve (FFR) (295 patients) or to undergo no revascularization of noninfarct-related coronary arteries (590 patients). The FFR procedure was performed in both groups, but in the latter group, both the patients and their cardiologist were unaware of the findings on FFR. The primary end point was a composite of death from any cause, nonfatal myocardial infarction, revascularization, and cerebrovascular events at 12 months. Clinically indicated elective revascularizations performed within 45 days after primary PCI were not counted as events in the group receiving PCI for an infarct-related coronary artery only.
RESULTS
The primary outcome occurred in 23 patients in the complete-revascularization group and in 121 patients in the infarct-artery-only group that did not receive complete revascularization, a finding that translates to 8 and 21 events per 100 patients, respectively (hazard ratio, 0.35; 95% confidence interval [CI] , 0.22 to 0.55; P<0.001). Death occurred in 4 patients in the complete-revascularization group and in 10 patients in the infarct-artery-only group (1.4% vs. 1.7%) (hazard ratio, 0.80; 95% CI, 0.25 to 2.56), myocardial infarction in 7 and 28 patients, respectively (2.4% vs. 4.7%) (hazard ratio, 0.50; 95% CI, 0.22 to 1.13), revascularization in 18 and 103 patients (6.1% vs. 17.5%) (hazard ratio, 0.32; 95% CI, 0.20 to 0.54), and cerebrovascular events in 0 and 4 patients (0 vs. 0.7%). An FFR-related serious adverse event occurred in 2 patients (both in the group receiving infarct-related treatment only).
CONCLUSIONS
In patients with STEMI and multivessel disease who underwent primary PCI of an infarct-related artery, the addition of FFR-guided complete revascularization of noninfarct-related arteries in the acute setting resulted in a risk of a composite cardiovascular outcome that was lower than the risk among those who were treated for the infarct-related artery only. This finding was mainly supported by a reduction in subsequent revascularizations. Original Article FFR-Guided Angioplasty in Myocardial Infarction P atients presenting with acute STsegment elevation myocardial infarction (STEMI) are best treated with percutaneous coronary intervention (PCI) of the infarctrelated coronary artery and the implantation of stents. 1, 2 Approximately 50% of these patients have additional, severe stenotic lesions in non-infarctrelated coronary arteries. [3] [4] [5] [6] The need for a highquality, evidence-directed treatment strategy for non-infarct-related coronary artery lesions remains.
On the basis of nonrandomized clinical trials, a conservative approach to non-infarct-related coronary artery lesions has been advocated previously. 1, 2, 7 Two randomized clinical trials challenged this concept by showing that the preventive use of stents for non-infarct-related coronary artery lesions in the acute phase reduced the risk of subsequent adverse events. 8, 9 In both trials, the decision to use stents for these lesions was based on angiographic appearance, irrespective of whether the lesions were causing ischemia or symptoms. The question of whether preventive stenting is always needed is debatable, because coronary angiography may both underestimate and overestimate the functional severity of a lesion and may lead to overtreatment, with additional costs and risks. [10] [11] [12] Fractional flow reserve (FFR) is a well-established pressure-wire-based technique that is used to assess the functional severity of coronary lesions. [13] [14] [15] The use of FFR to guide decisions regarding the use of PCI in patients with stable coronary artery disease has been shown to reduce the risk of serious adverse events as compared with angiography-guided PCI or conservative treatment.
12,16
A recent randomized trial that evaluated an FFR-guided approach to justify the use of PCI for non-infarct-related coronary artery lesions among patients presenting with STEMI and multivessel disease showed that patients who had complete staged (FFR-guided) revascularization had significantly fewer repeat revascularizations than those who received treatment for the infarct-related coronary artery only. 17 The aim of the CompareAcute trial was to examine whether the strategy of FFR-guided treatment of non-infarct-related coronary artery lesions in the acute setting is superior to the strategy of infarct-related, coronaryartery-only treatment in patients with STEMI and multivessel disease.
Me thods

Study Design and Oversight
The Compare-Acute trial was an investigatorinitiated, prospective, multicenter, randomized trial in which FFR-guided, complete revascularization in the acute setting of primary PCI was compared with infarct-related, coronary-arteryonly revascularization in patients with STEMI. Patients in the infarct-artery-only group underwent the FFR procedure but were not aware of the findings. We enrolled 885 patients with STEMI and multivessel disease in 24 participating centers in Europe and Asia. 18 All patients 18 through 85 years of age who presented with STEMI within 12 hours after symptom onset and who had an indication for primary PCI were eligible for enrollment if the non-infarctrelated coronary arteries (or their major side branches of at least 2.0 mm in diameter) showed lesions with stenosis of 50% or more according to quantitative coronary angiography or visual assessment and were determined to be appropriate candidates for PCI by the interventional cardiologist (who performed the PCI). Non-infarctrelated coronary artery lesions were those identified as not being responsible for the acute myocardial infarction on the basis of their appearance on electrocardiography (ECG) and angiography.
A detailed study outline, a list of the criteria used for exclusion or inclusion in the study (Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org), and definitions of end points have been published previously. 18 The most important criteria for study exclusion were left main coronary artery disease, chronic total occlusion, severe stenosis, with a Thrombolysis in Myocardial Infarction (TIMI) flow grade of 2 or less in the non-infarct-related coronary artery, a suboptimal result or complications after treatment of an infarct-related coronary artery, severe valve dysfunction, and Killip class III or IV.
The ethics committee at each participating site approved the study. A steering committee provided trial oversight, and a data and safety monitoring committee provided advice as to whether the trial should be stopped because of clear evidence of benefit or harm. Independent clinical research associates monitored the sites and gathered the data. All events were analyzed and adjudicated by an independent clinical evaluation com-T h e ne w e ngl a nd jou r na l o f m e dicine mittee at a clinical research organization (Diagram). All recurrent revascularizations were evaluated by the clinical evaluation committee for both the extent of need (urgent or elective) and indication (clinically indicated or not). A revascularization was considered to be clinically indicated if quantitative coronary angiography revealed a stenosis of 50% or more and one of the following criteria was met: a history of recurrent angina pectoris, presumably related to the target vessel; ischemic changes on ECG at rest or during exercise testing (or the equivalent), presumably related to the target vessel; abnormal results on any invasive functional diagnostic test (e.g., a Doppler pattern of flow velocity reserve or fractional flow reserve during follow-up); or stenosis of 70% or more on quantitative coronary angiography in the absence of signs or symptoms of ischemia.
The companies providing grant support had some comments on the proposed protocol and minor modifications were made. They had no involvement in the collection, analysis, or interpretation of the data or in the writing of the manuscript. The steering committee vouches for the accuracy and completeness of the data and analyses and for the fidelity of the trial to the protocol, available at NEJM.org.
Treatment
Informed consent was obtained before the procedure in accordance with the International Conference on Harmonisation Good Clinical Practice guidelines. To avoid delay in treatment, patients provided oral consent in the presence of a third person not involved in the study either before or during primary PCI. Written consent was obtained after the procedure.
After successful primary PCI of the infarct-related coronary artery (preferably with placement of everolimus-eluting stents), eligible patients who had provided informed consent underwent randomization and FFR measurements in the non-infarctrelated coronary artery containing lesions with an angiographic stenosis of 50% or more. Only hemodynamically stable patients with non-infarctrelated lesions for which FFR and PCI were deemed appropriate were eligible for randomization.
Patients were randomly assigned in a ratio of 1:2 with the use of closed, opaque envelopes to FFR-guided complete revascularization or treatment of the infarct artery only. Figure 1 shows the randomization and follow-up of patients.
In the complete-revascularization group, FFR measurements were used to guide the decision as to whether percutaneous revascularization was appropriate. In the case of non-infarct-related coronary arteries with flow-limiting lesions (FFR, ≤0.80), PCI -preferably with everolimus-eluting stents -was performed, generally during the same intervention; this step could be delayed at the operator's discretion (e.g., for complex lesions or logistical problems) but had to be performed during the index hospitalization and preferably within 72 hours.
In patients receiving infarct-related-artery treatment only (the infarct-artery-only group), the procedure was stopped after FFR measurements were obtained. Each patient was referred to his or her treating cardiologist. Both the patient and the Patients in the infarct-artery-only group underwent the same fractional flow reserve (FFR) procedure provided for patients in the complete-revascularization group, but neither they nor their cardiologists were aware of the findings. STEMI denotes ST-segment elevation myocardial infarction. 885 
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treating cardiologist were unaware of the findings on FFR but were aware of the angiography. A management plan based on current practice guidelines was recommended, but further investigations and management of care were carried out at the discretion of the treating cardiologist. Thus, the treating cardiologist could decide whether revascularization of non-infarct-related coronary arteries was needed on the basis of tests conducted to detect ischemia, symptoms, or clinical judgment. Elective, clinically indicated revascularizations performed within 45 days after the primary intervention were not counted as events, in accordance with the protocol. Urgent revascularizations performed within 45 days or further revascularizations performed thereafter were counted as events. Additional patient care, including the implementation of anticoagulant and antithrombotic regimens, was performed in accordance with contemporary guidelines.
FFR Measurement
Sites that were obstructed by 50% or more were identified during angiography. A commercially available pressure wire (St. Jude Medical) was used to measure the Pa/Pd ratio at rest and during maximally induced hyperemia. Hyperemia was achieved through intravenous administration of 140 μg of adenosine per kilogram of body weight per minute or through repeated, dose-increasing, intracoronary injections of adenosine boluses (40 to 100 μg for the right coronary artery and 60 to 100 μg for the left coronary artery).
Follow-up
Follow-up was conducted during outpatient clinic visits that took place 30 days and 12, 24, and 36 months after primary revascularization. Patients for whom no outpatient visit was scheduled were contacted through the postal service or by telephone. The first five patients enrolled in the study at each study center were monitored for adherence to the protocol and provided data on variables listed in the case report form; thereafter, random monitoring was performed. All reported events were monitored.
End Points
The primary end point was defined as the composite of all-cause mortality, nonfatal myocardial infarction, any revascularization, and cerebrovas- 
Statistical Analysis
As reviewed elsewhere, 18 we calculated that a sample size of 858 patients would obtain a power of at least 80%, with a two-sided alpha of 5% for the rejection of the null hypothesis of no difference when the end-point difference was 8% in the complete-revascularization group and 14.5% in the infarct-artery-only group. Given the anticipation of a 3% loss to follow-up, a sample size of 885 patients was needed.
All analyses were performed on an intentionto-treat basis. A post hoc, per-protocol analysis that included only patients who received the allocated treatment was also performed.
Clinical event rates and other categorical data have been summarized according to treatment group with the use of percentages. Continuous data are presented as means with standard deviations for normally distributed variables and as medians with minimum and maximum values for variables that were not normally distributed. Differences between both groups for continuous data were assessed with the use of an unpaired T-test when data were normally distributed and with
analyzed with the use of the chi-square test or Fisher's exact test. A two-sided P value of ≤0.05 was considered to indicate significance. Kaplan-Meier time-to-event plots were constructed for clinical events, and treatment groups were compared with the use of the log-rank test. Patients were censored from Kaplan-Meier plots when any event that contributed to the composite end point occurred or at the time of their last follow-up visit. Cox proportional-hazard models were fitted to estimate hazard ratios with 95% confidence intervals for treatment comparisons. 19 Analysis was performed with the use of SPSS software, version 23.0 (SPSS).
R esult s
Patients
Between July 2011 and October 2015, a total of 885 patients with STEMI and multivessel disease were enrolled in the trial. Among them, 295 patients were randomly assigned to receive FFRguided complete revascularization and 590 to receive treatment of an infarct-related coronary artery only (Fig. 1) .
The baseline characteristics of the patients were similar in the two groups, with the exception of the fact that there were significantly more smokers in the infarct-artery-only group (Table 1) . The angiographic and procedural data ( Table 2,  and Tables S2 and S3 in the Supplementary Appendix) were similar in the two groups, but in the complete revascularization group the procedural time was an average of 6 minutes longer and the volume of contrast material used was an average of 22 ml greater. Drug-eluting stents were used to treat infarct-related coronary artery lesions in 97% of all patients, with everolimuseluting stents used in 75% of patients in both groups. The medications administered during the procedure and at discharge were also similar in the two groups (Table S4 in the Supplementary Appendix). All but four patients (three of whom withdrew consent and one who was lost to followup) underwent follow-up at 1 year (Fig. 1) .
FFR-Related Outcomes
No FFR values were obtained for 18 of the 885 patients (3 in the complete-revascularization group and 15 in the infarct-artery-only group) ( Table 2 ). According to FFR measurements, the distribution of significant flow-limiting lesions in non-infarctrelated coronary arteries was similar in the two groups ( Table 2, and Table S3 in the Supplementary Appendix).
In the complete-revascularization group, 158 of 292 patients (54.1%) had one or more lesions in non-infarct-related coronary arteries, with an FFR of 0.80 or less, and underwent PCI of these lesions. Five additional patients had PCI of noninfarct-related coronary artery lesions that were not based on FFR values. In 136 of these 163 patients (83.4%), additional PCIs were performed during the primary PCI; the remainder of these patients had staged, in-hospital PCI (mean waiting time, 2.1 days) ( Table 2 ).
In the infarct-artery-only group, 275 of 575 patients (47.8%) had one or more lesions in noninfarct-related coronary arteries with an FFR 0.80 or less. These patients were initially treated conservatively, with the exception of 1 patient who underwent PCI for one non-infarct-related coronary artery lesion during the index procedure. There were 59 patients who underwent staged elective revascularizations within 45 days after primary PCI, and 44 of these patients had one or more non-infarct-related coronary artery lesions with an FFR of 0.80 or less.
In two patients (0.2%), both in the infarctartery-only group, a serious adverse event related to FFR occurred. In one patient, the FFR wire caused a dissection in the non-infarct-related right coronary artery, with subsequent occlusion, infarction, and in-hospital death. In the other patient, after withdrawal of the FFR wire, the noninfarct-related left anterior descending coronary artery became occluded and the patient had STsegment elevation and recurrent chest pain. PCI of the artery was performed successfully. Apart from brief episodes of atrioventricular conduction delay and moderate drops in blood pressures, no other adverse events occurred during measurements of FFR.
Primary Outcome
Clinical outcomes are summarized in Table 3 . At 1 year, the primary outcome had occurred in 23 patients (7.8%) in the complete-revascularization group and in 121 patients (20.5%) in the infarctartery-only group (hazard ratio, 0.35; 95% confidence interval [CI], 0.22 to 0.55; P<0.001) (Fig. 2) . The difference was driven mainly by the greater number of revascularizations performed in the * Plus-minus values are means ±SD. FFR denotes fractional flow reserve, and PCI percutaneous coronary intervention. † Measurements for BMI (body-mass index; the weight in kilograms divided by the square of the height in meters) were available for 290 patients in the group undergoing complete revascularization and for 581 patients in the group undergoing infarct-artery-only revascularization. ‡ Patients described as having hypercholesterolemia were either receiving treatment with cholesterol-lowering medications or were known to have elevated levels of cholesterol (>200 mg per deciliter [5.2 mmol per liter]). § Patients described as having renal impairment had a creatinine level of more than 1.5 mg per deciliter (133 μmol per liter) or were receiving dialysis. ¶ The location of the infarct was determined with the use of electrocardiography. ‖ The P value applies to all three sets of comparisons in accordance with the Mantel-Haenszel test of trend (or linearby-linear association). † In four patients, non-infarct-related coronary artery lesions were also treated because no measurement was obtained for FFR, and in one patient these lesions were treated even though the FFR was higher than 0.80. The decision to treat was based on the angiographic results. ‡ There was a mean delay of 2.1±1.0 days after the primary PCI procedure. Table 2 . Procedural Data.* dividual components of the composite end point in the two groups were as follows: for all-cause mortality, 0.80 (95% CI, 0.25 to 2.56; P = 0.70); for nonfatal reinfarction, 0.50 (95% CI, 0.22 to 1.13; P = 0.10); and for revascularization, 0.32 (95% CI, 0.20 to 0.54; P<0.001). (The hazard ratio for cerebrovascular events was not calculated because there were no such events in the group undergoing FFR-guided revascularization.)
The results of the per-protocol analysis were consistent with those of the intention-to-treat analysis (Fig. S1 in the Supplementary Appendix). Prespecified subgroup comparisons showed a significantly lower rate of MACCE among patients with treated lesions than among patients with untreated lesions with an FFR of 0.80 or less (8.9% vs. 30.7%, P<0.001). In the other two subgroup comparisons, there were no significant differences between groups, but these analyses were underpowered. The results of these analyses and the outcomes for various subgroups are included in the Supplementary Appendix. * MACCE denotes the composite of all-cause mortality, nonfatal myocardial infarction, any revascularization, and cerebrovascular events; NA not available because there were too few events to compute a reliable hazard ratio; and NACE net adverse clinical events (the composite of cardiac death, myocardial infarction, any revascularization, stroke, and major bleeding). † Any revascularization includes all first revascularizations that were elective or urgent and that were clinically indicated or not between the time of the index procedure and follow-up at 12 months. T h e ne w e ngl a nd jou r na l o f m e dicine
Discussion
The Compare-Acute trial showed that the addition of FFR-guided revascularization of non-infarctrelated coronary arteries at the time of primary PCI in patients with STEMI and multivessel disease resulted in a lower rate of a composite cardiovascular outcome that included death from any cause, nonfatal myocardial infarction, revascularization, and cerebrovascular events. This reduction was driven mainly by decreased need for subsequent revascularizations. The Compare-Acute trial also showed that approximately half the lesions in non-infarct-related arteries that were considered to be significant on coronary angiography had an FFR value of more than 0.80 and were therefore not physiologically significant.
Two randomized clinical trials of angiographyguided revascularization have reported a decrease in major adverse cardiac events after routine revascularization of non-infarct-related coronary arteries in patients with STEMI during primary PCI. 8, 9 The DANAMI-3-PRIMULTI trial (Complete Revascularisation versus Treatment of the Culprit Lesion Only in Patients with ST-Segment Elevation Myocardial Infarction and Multivessel Disease), 17 which staged FFR-guided treatment of non-infarct-related coronary artery lesions 2 days after PCI, also reported a reduction in major adverse cardiac events, a finding driven by a reduction in the number of PCI procedures conducted during follow-up.
Although FFR-guided PCI is increasingly used in patients with stable angina, it has not been frequently used in patients with an acute coronary syndrome, mainly owing to concerns that disturbed microvascular function in the early stage of acute myocardial infarction might affect the reliability of the technique. However, the evidence supports the reliability of FFR assessment of non-infarct-related coronary arteries in this context. 20 The use of an FFR-guided strategy for complete revascularization during STEMI has the potential to substantially decrease the number of unnecessary interventions during primary PCI and the number of subsequent revascularizations. The percentage of angiographically significant, noninfarct-related coronary artery lesions with an FFR greater than 0.80 was 31% in the DANAMI-3-PRIMULTI trial and 50% in the present trial. The generally favorable outcomes of patients who had untreated lesions with an FFR of more than 0.80 in the complete-revascularization group support the idea that deferral of treatment of these FFR-negative, non-infarct-related coronary artery lesions is safe, although analyses of this subgroup were not prespecified.
In contrast with the DANAMI-3-PRIMULTI trial, in our trial the FFR-guided revascularizations were performed during primary PCI. This strategy limits the need for sequential catheterizations and has the potential to limit costs, given the significantly lower frequency of predischarge stress tests and recurrent hospital admissions for chest pain and heart failure in the group receiving FFR-guided revascularization.
Elective revascularization of non-infarct-related coronary arteries -pursued on the basis of clinical evaluation that included noninvasive imaging -was performed in 59 patients in the group receiving PCI of infarct-related coronary arteries only within the first 45 days after the first procedure was performed and was not included as an end point in this trial. This strategy, which is in keeping with the current European Society of Cardiology guidelines, was not allowed in the previously mentioned trials. 8, 9, 17 Even with the ex- MACCE denotes the composite of all-cause mortality, nonfatal myocardial infarction, any revascularization, and cerebrovascular events. 
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clusion of these 59 revascularizations, the beneficial effect of complete FFR-guided revascularization over treatment of infarct-related coronary arteries only was substantial.
Our study has limitations. No information was captured on screened and eligible patients who were not enrolled. Given the open-label design, it is possible that there was a bias among patients and physicians toward subsequent revascularization among persons assigned to the group receiving treatment of the infarct-related coronary artery only, on the basis of their knowledge of the angiographic results. Two thirds of the revascularizations performed, although adjudicated as clinically indicated, were not performed to address an acute coronary syndrome but to address less definitive indications, for which the effect on mortality remains questionable. Our study was not powered to detect differences in low-frequency events, such as death, reinfarction, and stroke. Because we performed FFR in both groups, the between-group difference in procedure time and the volume of contrast material used underestimates the differences that would be expected between an FFR-guided strategy for non-infarctrelated coronary artery revascularization and for an infarct-related coronary artery only.
In conclusion, among patients presenting with STEMI and multivessel disease, FFR-guided complete revascularization of non-infarct-related lesions in the acute phase of primary PCI reduced the risk of a composite cardiovascular outcome as compared with a strategy of treatment of the infarct-related artery only. This reduction was mainly driven by the decreased need for subsequent revascularization.
